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Aims
To provide an evidence-based assessment of the burden of occupational and environmental-related cancers in China in 2005.
Methods
The population attributable fraction (PAF) was calculated based on the assumption of no occupational agent exposure. Relative risk estimates for specific cancers of interest and prevalence of exposure were mainly derived from large-scale studies. Data on cancer incidence and mortality was obtained from the Third National Death Cause Survey and cancer registries in China.
Results
We estimated that a total of 48 511 deaths of cancer were attributable to occupational agents in China in 2005, with 34 975 among men (3.1% of all cancer deaths) and 13 536 among women (2.1%). A total of 59 410 incident cases of cancer were attributable to occupational agents in China in 2005, with 42 724 among men (2.8% of all cancer incident cases) and 16 686 among women (1.6%). The highest PAF was observed for mesothelioma with asbestos, followed by leukaemia, bladder and lung cancers. Indoor radon was responsible for 0.2% of lung cancer-related deaths among men and women.
Introduction
Cancer remains a leading cause of death worldwide. In China, 20% of total deaths are attributable to cancer [1] . Most cancers are due to environmental, occupational or other non-genetic factors and are potentially preventable. The International Agency for Research on Cancer (IARC) has evaluated over 900 hazards since 1972, and as of 2007, it has classified 419 agents, mixtures and exposure circumstances as carcinogenic, probably carcinogenic or possibly carcinogenic to humans [2] . From this list, the Chinese Ministry of Health formally recognizes eight types of occupational agents and their association with cancer, namely asbestos, benzidine, benzene, chloromethylether, arsenic, chromate, vinyl chloride and coke oven emissions. A causal association has been established between exposure to indoor radon and lung cancer by IARC. Studies of the occupational and environmental cancer burden in China have, however, been limited, often focussing on a single cancer type, subpopulation or risk factor.
As part of a systematic assessment of the causes of cancer in China, the present study aimed to provide an evidencebased evaluation of the proportion of cancer incidence and mortality in 2005 attributable to occupational and environmental agents in China.
Methods
Our estimate of population attributable fraction (PAF) was calculated based on the alternative (counterfactual) scenario of absence of exposure. In most instances, the latency time between cancer and carcinogens is not known. We selected a latency period of 15 years between exposures and cancer occurrence as a compromise. Therefore, the priority was given to exposure prevalence data referring to 1990 or close to that year.
The Third National Death Cause Survey (NDCS), a retrospective survey conducted in 160 randomly selected counties and 53 cancer high-risk areas in China between 2004 and 2005, reported a total of 193 841 cancer deaths, 64% among men and 36% among women. The cancer mortality rate was 135.9/100 000 and age-adjusted mortality rate was 91.2/100 000 using the third census data [3] . Cancers of lung, liver, stomach and oesophagus accounted for nearly 72% of total cancer deaths in China in 2005. The cancer mortality data, used in the calculation of cancer cases attributed to occupational and environmental agents were obtained from this survey (Table 1) .
Cancer incidence data were estimated by applying a mortality and incidence (M/I) ratio to the data on cancer-related deaths [3] . An M/I ratio was derived from the data of 32 regional population-based cancer registries between 2003 and 2004 using Poisson regression adjusted for age, sex and sites. The number of cancerrelated deaths was estimated from the Third NDCS in China in 2005 (Table 1 ). In China, the First Cancer Registry was established at Linxian county in Henan province in 1959. In 2010, there were 149 cancer registries in China, covering nearly 10% of the population.
The number of occupational agents included in IARC Group 1 (established) and Group 2A (probable) carcinogens is .30 [2] . For this study, agent-cancer associations legally recognized as occupational diseases by the Chinese government were considered [4] . These associations included lung cancer and mesothelioma induced by asbestos; bladder cancer induced by benzidine; leukaemia induced by benzene and lung cancer induced by chloromethylether, silica, arsenic and coke oven emissions and lung cancer of chromate workers. We also included the following occupational factors: wood and leather dust exposure (sinonasal cancer) and work in the rubber industry (leukaemia and bladder cancer). We did not estimate the PAF for other occupational agents, including vinyl chloride (associated with liver angiosarcoma) because of a lack of available data.
We also considered environmental exposures including indoor radon. Release of radon and its decay products from the ground or building materials can result in indoor exposure. Exposure levels in houses are typically of the order of one magnitude lower than that in underground mines. Radon levels are highly sensitive to geology, season, weather, type of dwelling, construction materials and building floor level. Surveys carried out in China in 1986-1999, which included 1524 houses, showed that 6.0 and 0.8% of residents were exposed to indoor radon at levels of over 100 and 200 Bq/m 3 , respectively [5] . Chinese national standards, which correspond to the World Health Organization recommendations, require that indoor radon concentration should not exceed 100 Bq/m 3 . Furthermore, large-scale investigations have indicated that the risk of lung cancer is not elevated with indoor radon exposure in the 0-99 Bq/m 3 concentration range [6] . As a result, we defined indoor radon exposure as exposure to radon concentrations over 100 Bq/m 3 . Relative risk (RR) estimates for occupational and environmental agents and the cancer of interest were obtained Cancer incidence was estimated by applying a mortality and incidence ratio to the data on cancer-related deaths. from several sources, including PubMed, China National Knowledge Infrastructure (CNKI), respected websites, reports and other publications (Table 2 ) [7, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Inclusion criteria of studies were: (i) published in the last 20 years; (ii) contain RR or odds ratio (OR) and the corresponding 95% confidence intervals (CIs) and (iii) metaanalyses or large-scale surveys of representative Chinese samples were given the highest priority, followed by nonrepresentative samples from China, meta-analyses from other Asian countries and finally meta-analyses from non-Asian countries.
A few of the RRs were derived from studies in men only. To calculate PAFs separately for men and for women, we assumed RRs to be equal for women and men if RRs among women were not available. The RRs of coke oven emission, asbestos, benzidine, arsenic and chromate were derived from the Survey of Epidemiology of Nationally Important Occupational Cancers. Briefly, the survey covered a total of 156 000 workers from 460 factories and mines in 23 provinces in China. In asbestos workers, RRs were 5.60 for factories and 13.96 for mines. The mines were concentrated mainly in the southwest of China, so using the RR of 13.96 for the entire country would be inaccurate. The factories were located throughout the country; therefore, we used a national RR estimate of 5.60. More details of RRs used in our estimates are shown in Table 2 . Table 2 also summarizes the prevalence of exposure to the agents under consideration [5, 8] . For these agents, the number of exposed workers was obtained from the Second National Industrial Census that surveyed the number of workers employed in each industry in 1985 [8] . Briefly, in 1985, 358 700 factories were investigated to evaluate the number of workers potentially exposed to occupational agents, including 39 534 987 men (60%) and 26 530 631 women (40%).
Silica exposure has been consistently associated with lung cancer [20] , in some cases, in association with silicosis. Many authors have investigated the effects of crystalline silica exposure in foundries, pottery, ceramics, diatomaceous earth mining, brick making and stone cutting. In our study, we estimated the exposure of silica in workers who worked in these industries.
Exposure to arsenic was estimated by adding together exposures in nonferrous metal smelting, iron smelting and pesticide manufacturing. Exposure to chromate was estimated by including workers in leather tanning, printing and dyeing. Exposure to asbestos was estimated using data from asbestos mines and factories. Coke oven emission exposures were derived from coke plants and coal gasification.
For this analysis, only workers who worked directly with occupational agents were considered 'exposed'. We used P 0 to represent this proportion of employees: the number of exposed workers divided by the total number of employees was calculated from the Second National Industrial Census data. Separate numbers of male and female workers exposed to occupational agents were not available from the survey; thus, we used P 0 to estimate the exposure proportion for both sexes. c RR for workers involved in the manufacturing process of inner tubes, a component of rubber tires.
The formula for estimating the prevalence of exposure to occupational agents is as follows:
P: prevalence. P 0 : the proportion of employees exposed to an occupational agent in factories where the agent was present.
E 1 : the number of employees (male and female) exposed to a certain type of agent in China.
E 2 : the total number of employees (male and female) in China.
The prevalence data of indoor radon was obtained from the Chinese State Statistics Bureau. Data from 1992 was used because a national census was not conducted in 1990. We used the following formula to estimate the radon exposure rate of indoor radon in China.
P: prevalence. C 1 : urban adult population. P 1 : exceeding rate. A previous survey reported that the rate of exposure to indoor radon at the level of over 100 Bq/m 3 was 6% in urban areas in China [5] . In 1990s, rural buildings in China were not made of radon emitting construction materials. Therefore, we assume no exposure to indoor radon in rural areas and use the exposed population in urban areas to estimate the prevalence of indoor radon.
C: the total Chinese population. We applied the classic formula originally described by Levin to calculate the PAFs for specific occupational and environmental agents [21] .
PAF 5 P 3 ðRR21Þ ½P 3 ðRR21Þ 1 1�
; PAF estimates were calculated based on the scenario of no exposure to occupational and environmental agents.
Results
The estimated PAFs are summarized in Table 3 . In 2005, occupational agents were responsible for 34 975 deaths from cancer among men (3.1% of all cancer-related deaths) and 13 536 deaths among women (2.1%). Corresponding figures for occupation-related cancer incidence were 42 724 incident cases among men (2.8% of all cancer incident cases) and 16 686 among women (1.6%).
We estimated that over 18% of all deaths due to mesothelioma among both genders were attributable to asbestos exposure. Asbestos, arsenic, chromate, silica and coke oven emissions exposures were responsible for 10.6% of all male and 7.0% of all female lung cancer deaths. About 10.6% of all male bladder cancer deaths and 11.4% of all female bladder cancer deaths followed benzidine exposure. Indoor radon was responsible for 0.2% of lung cancer-related deaths among men and women (Table 4) .
Generally, PAFs for occupation-related cancer deaths were larger than those of occupation-related cancer incidence due to the high fatality of most occupationrelated cancers, most notably mesothelioma and lung cancer.
Discussion
This study estimated that a total of 48 511 cancer-related deaths and 59 410 cancer incident cases could be attributable to occupational agents in China in 2005, accounting for 2.7% of all cancer deaths and 2.3% of all cancer incident cases, respectively. A total of 631 lung cancer-related deaths were attributed to indoor radon, accounting for 0.03% of all cancer deaths. This is the first study to quantify the impact of occupational and environmental agents on cancer in China. Our PAF estimates are higher than other studies' estimates for some cancer sites, partly due to differences in the number of cancer incident cases, deaths and carcinogens considered [22] . For example, one previous global estimate of occupational cancer included only lung cancer, leukaemia and mesothelioma. Our estimates of the proportion of occupational cancer deaths were slightly lower than the results from other countries [22] . For example, Rushton et al. [23] estimated that 5.3% (N 5 8019) of cancer-related deaths in 2005 in Britain were attributable to occupation [8.2% (6362) for men; 2.3% (1657) for women]. Another study in France indicated that 3.7% of all cancer-related deaths among men in 2000 were attributable to occupation [24] . One explanation for this discrepancy between our results and others may be the exclusion from our study of some established carcinogenic agents, such as diesel engine exhaust fume, some groups of solvents, aromatic amines, polycyclic aromatic hydrocarbons, 4-aminobiphenyl, solar radiation, polycyclic aromatic hydrocarbons, dioxins and tetrachloroethylene, and of some occupations considered to be at increased risk of occupational cancers, such as painters, welders and shift workers. Cancer sites such as skin, larynx, stomach, brain, breast, etc., which were considered in Rushton's and IARC's studies, were not included in our estimates. Another explanation may be the use of Levin's formula in our PAF calculations, whereas different approaches were applied in previous studies for some occupational agents.
The highest estimated PAF was observed for mesothelioma with asbestos in China, followed by leukaemia, bladder and lung cancers. A number of previous studies have estimated that approximately 85% of mesothelioma cases were caused by asbestos in exposed populations [25] . In some studies, para-occupational asbestos exposure, such as living near an asbestos factory or environmental exposure was also included in estimates of the PAF for mesothelioma [26] .
Previous analysis from four western Canadian provinces illustrated that 1% of bladder cancer was attributable to benzidine [27] . However, our study showed a relatively higher PAF for benzidine and bladder cancer than in the Canadian population. One reason may be the much higher RR used in this report.
Our estimate for lung cancer was comparable with the global analysis. Driscoll [22] estimated that the global proportions of lung cancer attributable to occupational carcinogens were 10.0% for men and 5.0% for women, while the corresponding figures in our estimates were 10.6% among men and 7.0% among women.
We also estimated the burden of indoor radon-related cancer in China in 2005. More than 429 lung cancer deaths in men (0.2% of lung cancer-related deaths) and 202 (0.2%) in women were attributed to indoor radon. Previous risk assessments that estimated the number of lung cancer-related deaths attributable to indoor radon exposure concluded that 6-14% of all lung cancer-related deaths may be attributable to domestic radon exposure [28] . Our risk assessments are lower than these values, which may be due to three reasons. Firstly, in the 1990s, in China, most houses were built with simple, traditional materials and the indoor radon concentration was very low. Secondly, basement radon concentrations are higher than in other rooms, and China has fewer homes with basements than either Europe or America. Thirdly, we assumed no exposure to indoor radon in rural areas of China. Thus, the estimated PAF was low due to the relatively low levels of indoor radon exposure in China.
Outdoor air pollutants are not included in this report because they are not currently recognized as an established cause of lung cancer by IARC or other international bodies. In 2006, a study in Taiwan suggested a potential association between lung cancer and outdoor air pollutants (OR 5 1.28, 95% CI 5 1.02-1.61) [29] . If it is causal, we can estimate the PAF applying prevalence and RR. If we assume an exposure rate of 9%, based on the data from Chinese environment yearbook [30] , then outdoor air pollutants accounted for 2% of lung cancer cases and hence 0.4% of all cancer cases in China. While our study was well organized and implemented, it has some limitations. Firstly, the prevalence of exposure to some occupational agents, e.g. asbestos, might be underestimated. Also we did not include data for some occupational and para-occupational sources of asbestos exposure when estimating the exposure rate since this type of data was not available at the national level in China. Secondly, detailed information on exposures, such as the duration and intensity of work, type of local control measures and personal protective equipment used during work, were unavailable in our study. Thirdly, there are some sources of uncertainty for RRs used in PAF estimation. The total RR or RR for men was used for both genders, but the values of RR can vary from one population to another, making it difficult to evaluate the direction and magnitude of this potential bias. Risk estimates may be not adjusted for potential confounders, such as age and smoking. RRs derived from countries other than China (such as those for wood and leather dust) might lead to a bias in the calculation of PAFs. Finally, other occupational agents (such as polycyclic aromatic hydrocarbons, nickel, etc.) were excluded from our estimates, which may lead to a conservative evaluation of the burden of occupation-related cancer in China.
• In summary, our results provide the first systematic assessment of occupational cancer risk in China. Although occupational cancers make up a small proportion of all cancers, it is still necessary to take effective measures to improve the working environment and promote the health of workers. Our findings suggest that cancer prevention strategies based on efforts to reduce occupational exposure should be strengthened.
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